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We have explored the prospect of probing a neutral scalar (H) produced in association with one
b-quark and decaying either invisibly or into a pair of b-quarks at the LHC with centre of mass
energy
√
s = 14 TeV. In this regard, we adopt an effective theory approach to parameterize a Hbb¯g
vertex arising from a dimension six operator that encompasses the effect of some new physics setting
in at a high scale. We concentrate solely on the five-flavor scheme to ascertain the sensitivity of the
14 TeV LHC in probing such an effective coupling as a function of the scalar mass at the highest
possible projected luminosity, 3000 fb−1. Through our multivariate analysis using machine learning
algorithm we show that staying within the perturbative limit of the Wilson coefficient of the effective
interaction, evidence with statistical significance of 3σ can be obtained in two different signal regions
for mH . 2 TeV and the scale of new physics Λ = 3 TeV.
I. INTRODUCTION
In the quest for new physics beyond the standard
model (BSM) heavy scalar search holds a particular im-
portance. A bunch of new physics models predict an ex-
tended scalar sector compared to the SM. In the absence
of any direct hint of such non-standard scalar particles,
one can only exclude certain regions of parameter space
from the experimental data [1–8]. Indirect bounds on
these particle masses and their couplings can also be de-
rived from precision electroweak data, see e.g. [9]. Under
these circumstances, lack of clarity regarding specific new
physics models has aroused considerable interest in effec-
tive theories [10–12]. One can parameterize effects of new
physics theories through masses and couplings of the par-
ticle in consideration. The results derived this way are
model independent, and applicable to any new physics
theory that can give rise to similar phenomenology.
The b-quark distribution in the proton is non-negligible
at the Large Hadron Collider (LHC). However, its role in
the production of the 125 GeV scalar is not estimated
to be very significant. On the other hand, with the
ever-alive interest in an extended electroweak symmetry
breaking sector, it is important to see if any heavier, ad-
ditional neutral spinless particle can have enhanced pro-
duction rate due to its b-coupling. In two Higgs doublet
models (2HDM), for example, this is possible for appro-
priate values of tanβ, the ratio of the two doublet vacuum
expectation values (vev) and α, the doublet mixing angle.
One may integrate this idea into a model-independent
approach, and see if enhanced production rates follow
in terms of some suitably parameterized interaction with
a b-quark pair. This may yield new search channels for
additional scalars, and also lead to constraints of the cor-
responding interactions and scalar masses.
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In this paper we look at a non-standard scalar par-
ticle (H) and its effective coupling to a pair of bottom
quarks and a gluon generated through a dimension six
effective operator [11]. The considered vertex can give
rise to a possible production mode for the heavy scalar
with non-negligible cross-section. Experimental collabo-
rations have studied the production of a heavy scalar as-
sociated with bottom quarks to look for direct evidence
of the scalar decaying into bb¯ resulting in a multi b-jet
final state [13, 14]. Such a computation requires careful
inspection of both the four flavor and five flavor schemes
[15]. In the conventional four flavor scheme, the rele-
vant production mode pp→ bb¯H is either quark or gluon
initiated, whereas, pp → bH can also contribute to the
same final state. The second production mode can only
be obtained in a five-flavor scheme, since it is a bottom
quark-gluon initiated process.
Here we only concentrate on the five flavor scheme
through a quark-quark-scalar-gluon effective vertex in or-
der to ascertain how significant this contribution can be
in probing a heavy scalar. The aforementioned experi-
mental studies [13, 14] rely heavily on a large Hbb¯ cou-
pling. In the context of two Higgs doublet models this is
a possibility in the alignment limit of cos(β−α) ' 0 [16].
In this limit, decay of the heavy scalar into the gauge
bosons are suppressed and thus the LHC search of such a
scalar heavily rely on its coupling to the third-generation
fermions. In addition, if the Hbb¯ coupling also is too
small due to the presence of some new physics one would
naturally expect the event rate into multi b-jet final state
to go down. We, therefore, explore a scenario, where the
cross-section bg → bH is mostly driven by the effective
interaction which does not necessarily have to be small
even if the Hbb¯ coupling is small. Thus, in addition to
probing the new effective interaction, one can also expect
to improve the sensitivity of the Hbb¯ coupling measure-
ment. Once produced, we assume that H can only decay
through two possible decay modes, namely bb¯ and χχ,
where χ represents some invisible particle like dark mat-
ter. The reason for concentrating only on these channels
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2is that, in a sense, they correspond to the ‘difficult situa-
tions’ in (heavy) Higgs identification at the two extremes.
While a proliferation of b-jets in the final state threatens
the event rate due to suppression via identification effi-
ciencies, one or two b’s with missing transverse energy
(/ET ) tends to get swamped by backgrounds. Thus, H
decaying invisibly leaves us with few options to probe.
Vector boson fusion production channel cross-section can
be small, for example in the alignment limit in 2HDM,
which requires one to explore new possibilities. On the
other hand, H → bb¯ is anticipated to be one of the most
prominent decay modes of H and also the corresponding
coupling has significant impact on the production cross-
section of H in five flavor scheme.
In the four flavor scheme, the bottom quark mass (mb)
dependence is retained, while in five flavor scheme the b-
quark is treated as a massless parton. Hence in the four
flavor scheme, the bottom quark cannot appear as an ini-
tial state parton and can only arise from gluon splitting.
The non-zero mass protects the gluon splittings from col-
inear divergences. In the five flavor scheme the computa-
tion of higher order correction to the strong coupling con-
stant is simpler, since all the quarks are considered mass-
less. Efforts have been going on in theoretical frontier to
match these two schemes [17–21]. The cross-section com-
puted in the four flavor and five flavor schemes are more
accurate in the limit µmb ∼ 1 and
µ
mb
 1, respectively,
where µ represents the factorization and renormalisation
scale [17, 20, 22]. Since in this work we take the new
physics scale to be 3 TeV and beyond, we stick to the
five flavor scheme only. A novel aspect of the production
mode explored here, bg → bH, is that the H is expected
to have a large transverse momentum [23]. Such a sce-
nario can be easily identified as a possible new physics
signal.
Over the last decade or so, the LHC analyses have
slowly but surely been moving towards the use of ma-
chine learning methods to collect and analyze the large
data samples [24]. Algorithms like gradient boosted de-
cision trees (BDTs) [25, 26] were used prior to the LHC
experiment as well, see e.g. [27]. Machine learning al-
gorithms were highly useful in the discovery of the 125
GeV Higgs boson [28, 29] and subsequently with the ac-
cumulation of more and more data - analyzing them re-
quires the use of machine learning algorithms more than
ever. The BDT algorithms have widespread application
in data analysis and can be used effectively in the context
of collider physics to identify new physics signal events
depending on the choices of suitable kinematic variables
[30]. In this work we have adopted this technique and
used the XGBoost toolkit [31].
The paper is organized in the following way. In sec-
tion II we briefly discuss the theoretical premise of our
analysis and the impact of the existing experimental con-
straints. In section III we introduce the two different sig-
nal regions that we have studied in the context of LHC.
We discuss in some detail the choice of our kinematic
variables for the multivariate analyses. We also high-
light the advantage of such analyses over the canonical
cut-based approach. In section III.1 we discuss the im-
pact of our analyses via some chosen benchmark points
and subsequently in section III.2 we predict the highest
achievable sensitivity of the 14 TeV LHC in probing the
present scenario. Finally, in section IV we summarize our
work and draw conclusions.
II. THEORY FRAMEWORK AND
CONSTRAINTS
As already mentioned, in this work we maintain a
model independent approach. We parameterize the Hbb¯g
vertex in terms of Wilson coefficient that encapsulates
the effect of high scale theory. Here H represents a heavy
BSM scalar. The interaction term follows from dimen-
sion six SU(2)×U(1) gauge invariant operator consistent
with the assumption that its origin lies above the elec-
troweak symmetry breaking scale. The effective interac-
tion relevant to our study is fΛ2 b¯σ
µνbλa2 G
a
µνH, where f
is the Wilson coefficient, Λ represents the cut-off scale
at which the new physics sets in, λa represents the Gell-
Mann matrices, λa2 being the SU(3) generators, and Gµν
is the SU(3) field strength tensor. Such an interaction
can follow from a dimension six operator of the form [11]:
O = 1
Λ2
(q¯σµνd)
λa
2
GaµνΦ + h.c.
Here Φ, q and d represent the new scalar, left handed
quark doublet and right handed quark, respectively.
Our objective is to probe the process bg → bH in the
context of LHC in the five flavor scheme. A Hbb¯ ver-
tex can lead to similar phenomenology. The two possible
production channels are shown in Fig. 1. We explore the
FIG. 1. Possible production modes for bg → bH in presence
of the dimension six operator and a Hbb¯ coupling.
possibility of H either decaying into a pair of b-quarks or
completely invisibly, e.g. into a pair of dark matter parti-
cles (χ). Maintaining a model independent approach, we
do not assume any specific coupling strengths for these
two interactions. Instead we take the branching ratio,
BR(H → χχ), as a free parameter, which automatically
fixes BR(H → bb¯), since we assume there are no addi-
tional decay modes. The other relevant free parameters
for our study are f , Λ, mH andmχ. TheH → bb¯ coupling
strength determines the contribution of the s-channel me-
diated diagram in Fig. 1 to the total cross-section and
3thus is also a relevant parameter when this cross-section
becomes comparable to or dominant over the effective
interaction diagram.
Phenomenological constraints on the mass and cou-
plings of such a scalar can be derived from the exist-
ing direct search experimental analyses by the ATLAS
and CMS Collaborations. However, they are subjected
to its production cross-section and existing decay modes.
Search for a BSM scalar usually involves the heavy scalar
decaying into a pair of SM Higgs which eventually decay
into various final states, like four b-jets [1–3], two b-jets
along with photons [4, 5], pair of taus [6] , or charged lep-
tons and missing energy [7]. The exclusion limit on the
masses of such a scalar, therefore, depends upon its single
production cross-section, e.g. through gluon fusion, and
its coupling to a pair of SM Higgs bosons. These con-
straints are, thus, not directly applicable to the present
scenario. Production of scalars via bottom quark fusion
has been studied in [13, 14]. These constraints are again
subjected to the Hbb¯ coupling strength. In this work, we
assume this coupling to be orders of magnitude smaller
compared to what is considered in these experimental
studies, which ensures that we are well below the exclu-
sion line throughout the range of mH .
The most effective way to a direct search of invisible
decay of a scalar is through a vector boson fusion pro-
duction channel. A BSM scalar can be probed up to 3
TeV with the analyzed data so far [8]. However, this in-
volves the scalar coupling to a pair of gauge bosons. In
our present scenario, for simplicity, we assume this cou-
pling to be very weak and as a result such constraints are
irrelevant.
III. COLLIDER STUDY: A MULTIVARIATE
ANALYSIS
In this section, we study the collider physics implica-
tion of the present scenario. As already discussed, we
focus on two possible decay modes of the heavy scalar,
namely, H → χχ and H → bb¯. For simplicity, we assume
that these are the only two possible decay modes of H.
As a result, the production channel bg → bH may lead
to two possible signal regions, 1 b-jet + /ET (SR1) and
3 b-jets (SR2). We explore both these final states in the
context of 14 TeV LHC. For this, we perform a multi-
variate analysis with machine learning technique known
as the BDT. For our analysis, we have taken 1000 esti-
mators, maximum depth 4 and learning rate 0.01. We
combine data corresponding to chosen kinematic vari-
ables for our signal events as well as all the background
events from different channels to prepare one single data
file. The background events are combined after properly
weighting them according to their cross-sections and it
has been ensured that there are enough signal events to
match the total weight of all the background events. We
take 80% of our combined data for training and 20% for
testing purpose.
We have used Madgraph5 [32, 33] for parton level event
generation and PYTHIA8 [34, 35] for subsequent show-
ering and hadronisation. For the simulation, we use
the NNPDF parton distribution function [36, 37]. We
have used a dynamic factorisation and renormalisation
scale. For a single heavy particle production it is sim-
ply m2 + p2T , where, m and pT represent the mass and
transverse momentum of the particle. For production
of a pair of heavy particles it is the geometric mean of
m2 + p2T for each particle [44]. Detector simulation was
performed using Delphes3 [38–40]. Jets were constructed
in FastJet [41] following anti-kt algorithm [42]. Appro-
priate b-jet tagging and mistagging efficiencies have been
implemented within the Delphes platform following rec-
ommended values by the ATLAS Collabroration [43].
Throughout this study, we have used next-to-leading or-
der (NLO) cross-sections for all the SM processes [33].
For the signal we assume that any new physics effect in-
cluding the NLO contribution is clubbed with the Wilson
coefficient of the dimension six operator.
Signal Region 1: 1 b-jet + /ET
In this signal region H decays invisibly, resulting in
the sole b-jet associated with a large transverse missing
energy. We put the following criteria to select events in
this signal region: the final state should have only one
b-jet with pbT > 120 GeV and |ηj | < 2.5, at least two
light jets with pjT > 40 GeV and |ηj | < 2.5, no charged
leptons with p`T > 10 GeV and |η`| < 2.5, /ET > 120 GeV.
We have studied the following SM background channels
to estimate the efficiency of our analysis in this signal
region: tt¯+jets, t+jets, V+jets, hSM+jets and QCD jets,
where V represents the W and Z bosons.
The large /ET is expected to be balanced by the sole
b-jet pT . We can use this property of the signal events
to isolate them from the background. There can be ad-
ditional radiation jets in the signal but they are likely
to have much smaller transverse momenta, while most
of the background channels appear with additional jets
produced from decays of heavier particles like the top
quark or a gauge boson. These jets are, therefore, ex-
pected to have harder pT distribution compared to the
light jets in our signal. This can be another discrim-
inatory factor. Top quark production channels pose a
particular challenge to this signal region due to the large
cross-section associated with them. However, the /ET dis-
tribution is likely to differ from the signal subjected to
the choice of mH and mχ. Moreover, the angular sepa-
ration between the jet transverse momenta and the /~ET
in the signal are expected to be larger compared to that
in the top quark production channels given the difference
in decay topologies. Event shape analysis variables like
transverse sphericity [45, 46] may also prove to be use-
ful in this regard. The angular separation variables are
also effective in reducing the potentially large contribu-
tion to the background originating from QCD multi-jet
4production modes. All these considerations lead us to
choose the following kinematic variables to be used in
our multivariate analysis.
1. Number of light jets, Nj .
2. Transverse momentum of the b-jet, pbT .
3. Transverse momentum of the hardest light jet, pj1T .
4. Transverse momentum of the second hardest light
jet, pj2T .
5. Missing transverse energy, /ET .
6. Angular separation between /ET and hardest light
jet, ∆φ(/~ET , ~p
j1
T ).
7. Angular separation between /ET and second hardest
light jet, ∆φ(/~ET , ~p
j2
T ).
8. Angular separation between /ET and the lone b-jet,
∆φ(/~ET , ~p
b
T ).
9. Separation between the b-jet and hardest light jet,
∆R(b, j1).
10. Separation between the b-jet and second hardest
light jet, ∆R(b, j2).
11. Effective mass, MEFF .
12. Transverse sphericity, ST =
2λ2
λ1+λ2
, where, λ1 and
λ2 are the eigenvalues of the matrix
1∑
i pTi
∑
i
(
p2xi pxipyi
pyipxi p
2
yi
)
.
Signal Region 2: 3 b-jet
H may also decay into a pair of b quark resulting in a
3 b-jet final state with no direct source of missing energy.
We put the following criteria to select events in this sig-
nal region: the final state should have three b-jet with
a transverse momentum threshold of 25 GeV, while the
hardest two b-jets must have pbT > 80 GeV, no charged
leptons be used in our multivariate analysis.with p`T > 10
GeV. The |η| criteria remain same as in SR1. The dom-
inant SM backgrounds studied for this signal region are:
tt¯+jets, t+jets, V+jets, V V+jets, bhSM, ZhSM and QCD
jets.
Lack of any direct source of missing energy in this sig-
nal region is a disadvantage agaist the background chan-
nels like V + jets and QCD multi-jet production chan-
nels. On the other hand, it can be a discriminating factor
against background channels with large /ET , like tt¯+jets.
Among the three b-jets in the final state, a pair is gener-
ated from H decay. This can be used to reconstruct mH
to certain degree of accuracy and a window of invariant
mass of this b-jet pair can be used as a discriminating
variable. This b-jet pair is also likely to be well separated
from the third b-jet. We choose the following list of kine-
matic variables to be used in our multivariate analysis to
exploit these features.
1. Number of b-jets, Nb.
2. Number of light jets, Nj .
3. Transverse momentum of the hardest b-jet, pb1T .
4. Transverse momentum of the second hardest b-jet,
pb2T .
5. Transverse momentum of the third hardest b-jet,
pb3T .
6. Missing transverse energy, /ET .
7. Angular separation between /ET and hardest b-jet,
∆φ(/~ET , ~p
b1
T ).
8. Angular separation between /ET and second hardest
b-jet, ∆φ(/~ET , ~p
b2
T ).
9. Angular separation between /ET and third hardest
b-jet, ∆φ(/~ET , ~p
b3
T ).
10. Separation between two hardest b-jets, ∆R(b1, b2).
11. Invariant mass of hardest two b-jets, mbbinv.
12. Angular separation between the two hardest b-jet
pair system and the third b-jet, ∆φ(~pbbT , ~p
b3
T ).
13. Sum of against momentum of hardest three b-jets,
HbT .
14. Transverse sphericity, ST .
III.1. Results
For 1 b-jet + /ET final state, the most impor-
tant kinematic variables are /ET , ∆R(b, j1), ∆R(b, j2),
∆φ(/~ET , ~p
b
T ), p
b
T and MEFF . The pT of the light jets are
also essential in obtaining the resultant sensitivity. Nj ,
∆φ(/~ET , ~p
j1,j2
T ) and ST do not have significant impact on
the results. For 3 b-jet final state, the most important
kinematic variables are /ET , H
b
T , m
bb
inv, ∆R(b1, b2) and
ST , whereas p
b1
T , p
b3
T and ∆φ(~p
bb
T , ~p
b3
T ) are also essential
to obtain the best possible sensitivity. The other kine-
matic variables, namely Nj and ∆φ(/~ET , ~p
b1,b2,b3
T ), do not
have significant impact on the results.
In order to showcase the sensitivity of our multivari-
ate analysis, we choose some sample benchmark points
with varied mH and mχ. The H is assumed to decay
with 50% branching ratio into each of the two available
decay modes χχ and bb¯. In order to assess the most opti-
mistic scenario, the value of the Wilson coefficient is kept
fixed at its perturbative limit,
√
4pi ∼ 3.5 and the H-b-b¯
coupling is computed such that H can decay with the
above mentioned branching ratios. The area under the
Receiver Operating Characteristic (ROC) curve (AUC)
is a good estimator of the efficiency of the BDT classi-
fier in identifying the signal and background events. The
AUC numbers corresponding to all the benchmark points
along with the required integrated luminosity to obtain
a 3σ statistical significance (and the corresponding 5σ
numbers within parentheses) are quoted in Table I for
the energy scale Λ = 3 TeV. The signal significance is
calculated by S = S√
S+B
, where, S and B represents the
number of signal and background events respectively.
Evidently, with Λ = 3 TeV, one can probe a large por-
tion of the parameter space. One can easily have a 3σ
evidence for mH up to 2 TeV, and discovery ∼ 1.5 TeV
for both mχ = 100 GeV and 500 GeV through SR1. SR2
performs at par with SR1 or even better when mH is
5Benchmark SR1(1 b-jet + /ET ) SR2(3 b-jet)
Points Required Required
AUC Luminosity (fb−1) AUC Luminosity (fb−1)
BP1 0.91 100.6 0.94 67.0
(mH = 600 GeV, mχ = 100 GeV) (279.4) (186.0)
BP2 0.94 950.9 0.88 1836.7
(mH = 1400 GeV, mχ = 100 GeV) (2641.3) (5102.0)
BP3 0.94 578.7 0.92 656.3
(mH = 1200 GeV, mχ = 500 GeV) (1607.6) (1823.0)
BP4 0.95 2123.3 0.86 7694.7
(mH = 1800 GeV, mχ = 500 GeV) (5898.1) (> 10000)
TABLE I. Results of our BDT analysis performed using the
XGBoost toolkit corresponding to four sample benchmark
points for both the signal regions. For all these benchmark
points, Λ = 3 TeV and BR(H → χχ) = BR(H → bb¯) = 50%.
The Wilson coefficient f is kept fixed at its largest pertur-
bative limit
√
4pi ∼ 3.5. The luminosity column shows the
required luminosity to obtain 3σ (5σ) statistical significance.
on the lighter side. As the mass gap between mH and
mχ increases, SR1 performs better. This is mostly due
to the presence of a large /ET in SR1. Clearly, a definite
discovery significance of 5σ can be attained for BP1, BP2
and BP3 through SR1 and BP1 and BP3 through SR2.
We observed that in order to produce BR(H → χχ) =
BR(H → bb¯) = 50% with a H-χ-χ coupling ∼ 1, one
requires the H-b-b¯ coupling to be ∼ 10−3-10−4×ybb¯h|SM
for the benchmark points. This renders the production
cross-section σ(pp→ bH) solely reliant on the dimension-
6 operator, since the contribution from the s-channel me-
diated diagram in Fig. 1 is negligibly small in comparison.
The cross-section drops rapidly with increasing Λ and
drops by one order of magnitude when increased from 3
TeV to 5 TeV. In Fig. 2 we show how much the sensi-
tivity can change with the variation of the new physics
scale. The y-axis shows the expected signal significance
in both SR1 and SR2 for the highest possible luminosity
of 3000 fb−1 at 14 TeV LHC. The x-axis shows variation
of Λ. We show the results for BP1 and BP4 since these
are the lightest and heaviest benchmark points respec-
tively. Clearly, for BP1 at Λ = 5 TeV, one can barely
obtain a 3σ statistical significance in SR2 and 2σ in SR1.
The trend reverses as the benchmark points become heav-
ier. Now SR1 is the more sensitive one. However, for
Λ = 5 TeV, BP4 as well as BP2 and BP3 has poor sen-
sitivity in either of the signal regions. We checked that
even BP2 can barely achieve a signal significance of 1σ
in that case.
Comparison to cut-based analysis
In comparison to the multivariate analysis, a canoni-
cal cut-based analysis performs poorly. To illustrate this
fact, we implemented a set of cuts carefully designed to
maximize the efficiency in both the signal regions. For
SR1, we demand that the final state must have only one
b-jet with pbT > 250 GeV, at least two light jets with
pjT < 50 GeV, no charged leptons, /ET > 250 GeV,
FIG. 2. The HL-LHC reach in signal significance in the two
signal regions, SR1 (dashed line) and SR2 (solid line) as a
function of Λ for BP1 (blue line) and BP4 (black line). The
other two benchmark points lie in between.
∆φ(/~ET , ~p
b
T ) > 1.0, MEFF > 500 GeV and ST < 0.1.
For SR2, the final state must have at least three b-jets
with the hardest two having pbT > 150 GeV, no charged
leptons, no light jets with pjT > 50 GeV, /ET < 100 GeV,|mbbinv− 125.0| > 25 GeV, HbT > 500 GeV, ∆φ(~pbbT , ~pb3T ) >
1.0 and ST > 0.1. With these set of cuts, we inspect
the four benchmark points and the aforementioned back-
ground channels. The results are presented in Table II.
We observed that through such a cut-based analysis, for
BP1 one can attain a 3σ (5σ) signal significance at an
integrated luminosity of 214.2 (595.1) fb−1 and 500.1
(1389.2) fb−1 in SR1 and SR2, respectively. BP3 can
only be probed in SR1 close to a signal significance of
3σ. BP3 cannot be probed in SR2 within the luminosity
reach. BP2 and BP4 remain completely out of reach in
both the signal regions. Thus, it is evident that the mul-
tivariate BDT analysis offers a distinct advantage over
the cut-based analysis. Note that, for the chosen set of
optimized cuts SR1 always has better sensitivity com-
pared to SR2. This is in contrast to our multivariate
analysis results which clearly show that the relative sen-
sitivity is reversed for BP1. It turns out that SR2 is more
effective within a small parameter space highlighting the
fact that the BDT algorithm is more sensitive to the sub-
tle changes in kinematics in order to identify the signal
events. This feature is discussed in more detail in the
subsequent section.
III.2. Discovery reach at HL-LHC
We now proceed to assess the extent to which the 14
TeV LHC can probe the present scenario at the high-
est possible projected luminosity, 3000 fb−1. For this, we
study two sample values of mχ = 100 and 500 GeV. Fig. 3
shows the required σ(pp → bH) × BR(H → χχ) and
6Benchmark Required Luminosity (fb−1)
Points SR1(1 b-jet + /ET ) SR2(3 b-jet)
BP1 214.2 500.1
BP2 9305.1 >10000
BP3 3748.4 >10000
BP4 >10000 >10000
TABLE II. Results of cut-based analysis for the four sample
benchmark points for both the signal regions. For all these
benchmark points, Λ = 3 TeV and BR(H → χχ) = BR(H →
bb¯) = 50%. The Wilson coefficient f is kept fixed at its largest
perturbative limit
√
4pi ∼ 3.5. The luminosity column shows
the required luminosity to obtain 3σ statistical significance.
σ(pp→ bH)×BR(H → bb¯) as a function of mH for SR1
and SR2, respectively, such that a 3σ statistical signifi-
cance is obtained at 3000 fb−1. The mH threshold is cho-
sen such that H → χχ decay mode is open. Understand-
ably, one can obtain non-zero event rate for SR2 even
below this mH threshold. One can simply look at the
existing experimental studies looking for non-standard
Higgs bosons decaying into a pair of b-quarks for such
limits, see e.g. [47]. For both mχ = 100 GeV and 500
GeV, the trend looks same. At the low mH region as well
as high mH region, SR1 has better sensitivity compared
to SR2 which is only more efficient within an intermedi-
ate range. In the low mH region, kinematics of the final
state b-quarks are not distinctly different from their SM
counterpart in SR2. Expectedly, the situation improves
dramatically with increasing mH before the sensitivity
saturates. On the other hand, SR1 is always associated
with a large /ET which helps it gain better sensitivity
specially in the low mH region. /ET along with the an-
gular variables only get more and more distinctive with
increasing mH , making SR1 the more sensitive channel
at heavier mass region as well. The sensitivity in the 1-2
TeV range of mH is very similar for both the two dif-
ferent choices of mχ indicating the fact that mass of the
invisible particle does not have a severe impact on the
outcome. It should be noted that the results in Fig. 3
depend on mH only. Whatever choice of Λ predicts a
particular σ(pp → bH)× BR(H → XX) for each mH is
similarly favourable, so long as the Lorentz structure of
the effective interaction is the same, since the latter has
a role in deciding the efficiency of the BDT analysis.
It is worth mentioning that the experimental collab-
orations are yet to probe the signal region SR1 in the
context of heavy scalar search. However, they have stud-
ied the multi b-jet final state SR2 [13, 14] as mentioned
before. These studies combine the four and five flavor
contributions to the cross-section of a signal consisting
of at least three b-jets and present their exclusion limit
on σ(pp → bb¯H) × BR(H → bb¯) as a function of mH
with
√
s = 13 TeV for an integrated luminosity 35.7 fb−1
[13] and 27.8 fb−1 [14]. In the context of this work,
σ(pp → bb¯H) × BR(H → bb¯) is negligibly small by
virtue of a small Hbb¯ coupling as discussed in section II.
However, one would expect a similar exclusion limit for
FIG. 3. The HL-LHC reach in σ(pp→ bH)×BR(H → XX),
where XX ≡ χχ for SR1 (dashed line) and bb¯ for SR2 (solid
line) as a function of the heavy scalar mass, mH , in order
to achieve a 3σ statistical significance. The results are ob-
tained through our BDT analyses performed using the XG-
Boost toolkit.
σ(pp → bH) × BR(H → bb¯) as well. Even if we as-
sume in a conservative way, that both these exclusion
limits lie in the same ballpark, our benchmark points
still cannot be excluded with the present experimental
sensitivity. Moreover, we present in Fig. 3 the highest
possible sensitivity that can be reached at the LHC in
order to attain a 3σ statistical significance. The required
σ(pp → bH) × BR(H → bb¯) in this figure over a wide
range of mH lies at least one order of magnitude below
the present experimental sensitivity presented in [13, 14].
We use the results presented in Fig. 3 to ascertain the
required values of the Wilson coefficient, f , that can pro-
duce the projected σ(pp→ bH)×BR(H → XX). While
doing so, we take note of the fact that there are two
competing production channels. As a result, the choice
of Hbb¯ vertex factor plays a crucial role. Since our goal
is to determine the accessible range of f , we choose a
parameter space such that the Hbb¯g effective vertex dia-
gram contributes dominantly to the cross-section. There-
fore, we keep the Hbb¯ vertex factor, VHbb¯ = c× ybb¯h|SM
7small. Here h is the 125 GeV Higgs boson and c is just
a scale factor. We keep c = 10−4 to keep this coupling
sufficiently small. In order to ascertain the maximum
impact of our analysis, we keep BR(H → χχ) = 1.0
and BR(H → bb¯) = 1.0 for SR1 and SR2 respectively.
The results are shown in Fig. 4 for mχ = 100 GeV and
Λ = 3 and 5 TeV. The upper limit of f is restricted to
FIG. 4. The distribution of the Wilson coefficient, f as a
function of mH for SR1 (dashed line) and SR2 (solid line)
in order to produce the required σ(pp → bH) × BR(H →
XX) resulting in a 3σ statistical significance at HL-LHC for
mχ = 100 GeV, c = 10
−4. BR(H → χχ) = BR(H → bb¯) =
1.0 respectively for SR1 and SR2. The results are shown for
Λ = 3 TeV (blue line) and 5 TeV (black line).
the perturbative limit. The coupling strength of H to the
pair of invisible particles VHχχ is fixed within its pertur-
bative limit such that the criteria on the two relevant
branching ratios are met. Clearly, SR1 has a greater sen-
sitivity compared to SR2 apart from a small part of the
parameter region as also seen in Fig. 3. For Λ = 3 TeV,
heavy higgs mass of ∼ 2 TeV can be easily probed at the
HL-LHC up to a signal significance of 3σ. The Wilson
coefficient, f can be probed all the way down to ∼ 0.6.
The sensitivity worsens understandably with increasing
Λ and as evident, one can only probe mH . 1 TeV and
f & 1.9. Note that, for a large enough c & 10−2, the pro-
duction cross-section will be dominated by the s-channel
b-quark mediated diagram. In that case, SR2 will be the
favoured signal region to probe the scenario throughout
the parameter space. However, that does not improve
the sensitivity in probing smaller values of f unless the
Hbb¯ coupling is measured to a high degree of precision
such that one can discern the comparatively much smaller
contribution to the event rate arising from the dimension
six operator. Here we discussed the mχ = 100 GeV case
as an example to showcase the extent of the sensitivity of
our multivariate analysis. The accessible range of f can
be quite different for other choices of mχ.
IV. SUMMARY AND CONCLUSION
In this work we have explored two signal regions
through multivariate analysis to probe the prospect of
a heavy scalar being singly produced in association with
a b-quark at the 14 TeV LHC. The production channel
bg → bH can get contribution from an effective interac-
tion of the form Hbb¯g. Such an interaction can be gener-
ated from viable dimension six operators. However, one
needs to treat the b-quarks as partons in order for this in-
teraction to contribute to the cross-section starting from
a proton-proton collision. Instead of exploring some spe-
cific new physics model we parameterize its effect through
the interaction strength and ascertain the sensitivity of
the LHC to probe this scenario at its peak projected lu-
minosity. In order to do so, we identify the most proba-
ble visible decay mode of H along with an invisible de-
cay mode to construct two signal regions. Looking at
the kinematics of the final states we choose two sets of
kinematic variables to carry out our multivariate analysis
using the XGBoost toolkit. We show that even though
the signal regions have potentially large SM backgrounds,
one can still achieve good sensitivity through this kind
of multivariate analysis. We determine the required sig-
nal cross-sections in order to obtain 3σ statistical signif-
icance at the 14 TeV LHC with an integrated luminosity
of 3000 fb−1. We present the result as function of mH ,
which is model independent and is applicable to any new
physics model giving rise to similar interactions. We fur-
ther use this information to determine the efficiency of
the LHC in probing the Wilson coefficient f of the effec-
tive interaction. We find that mH . 2 TeV can easily be
probed with a 3σ statistical significance staying within
the perturbative limit of f with the new physics scale set
at 3 TeV. The situation worsens considerably with Λ = 5
TeV, the reach in mH being restricted to below the TeV
range. The probe on f is dependent on the choice of
Hbb¯ interaction strength. Our focus being the new ef-
fective interaction, we keep the Hbb¯ coupling strength to
be small. We observe that f < 0.5 is difficult to probe
in either of the two signal regions. The results also show
that in presence of such an effective interaction one can
in principle probe much smaller Hbb¯ coupling compared
to the existing experimental studies.
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